Abstract. In vivo confocal laser scanning microscopy (CLSM) is a novel imaging technique that provides noninvasive, morphological characterization of skin structures with a resolution that is very close to that of light microscopy. Moreover, as it allows repeated imaging of the same skin area at different time-points, it is an excellent method for monitoring disease course, response to treatment or specific stimuli and a path to study dynamic phenomena in real-time. To date, two different variants of in vivo CLSM have been authorized in dermatological field, namely the reflectance confocal microscopy predominantly for clinical diagnosis and the fluorescence confocal microscopy mainly for research purposes. This study describes the principles of in vivo CLSM technique, its role in the diagnosis and monitoring of inflammatory skin diseases, as well as some promising research directions to study the dynamics of skin inflammation using this method. In vivo CLSM evaluation of inflammatory dermatoses and of the skin inflammatory component in various diseases has an undoubted potential with broad applications ranging from clinical, morphological to experimental, functional studies involving the skin.
Introduction
Skin inflammation has a key role in both physiological and pathological conditions. Its evaluation is of great potential to provide essential information regarding the association between inflammatory processes and systemic or cutaneous diseases. However, existing classical methods can themselves induce inflammation and are not suitable for studying the dynamic, in vivo components of skin inflammation (1) .
Noninvasive, in vivo imaging tools have gained popularity in dermatology to overcome the burden and limitations of histopathological examination. In vivo confocal laser scanning microscopy (CLSM) is a novel imaging technique that provides the noninvasive, morphological and dynamic characterization of skin structures with a resolution that comes close to that of light microscopy, therefore performing a skin 'optical biopsy' (2) . As it allows repeated imaging of the same skin area at different time-points, it is an excellent method for monitoring disease course, response to treatment or specific stimuli and a path to study dynamic phenomena in real-time (1-6). To date, two different variants of in vivo CLSM have been authorized in dermatological field, namely the reflectance confocal microscopy (RCM) predominantly for clinical diagnosis use and the fluorescence confocal microscopy mainly for studying skin penetration of various substances (7) . In vivo RCM achieves contrast from backscattered light of various components of the skin, in their native state and it uses a laser with near-infrared wavelengths, enabling a maximum penetration depth of 200-300 µm that corresponds to the epidermis and upper dermis (8) . The restricted depth of examination is the most recognized limitation of the currently commercially available confocal microscopes, but there are attempts to develop new devices that could overcome this drawback (9) .
In vivo
Skin components with high refractive index like melanin and keratin provide high contrast and strongly backscatter light. Therefore, cells containing melanin or keratin appear bright in RCM images (3) . The usefulness of this novel technology has been recognized for the noninvasive investigation of melanocytic (10-12) and non-melanocytic lesions (13) (14) (15) (16) , of various inflammatory dermatologic conditions (17) (18) (19) (20) (21) (22) (23) (24) (25) and of various skin inflammatory processes (6) . RCM can rapidly identify the pathological features of dermatoses with atypical clinical presentation with no associated pain or trauma for the patient (26) .
As it allows repeated imaging of the same skin area at different time intervals, it has the advantage of monitoring disease progression, as well as treatment efficacy and side effects (27) (28) (29) . In recent years, attention was turned to the study of dynamic processes such as wound healing (30, 31) , skin aging (32), ultraviolet radiation (UVR)-induced alterations (33) (34) (35) , in real-time assessment of blood flow in response to various topical stimuli (6, 36, 37) or leucocyte migration (1, 4) .
This study describes the role of in vivo RCM technique in the diagnosis and monitoring of inflammatory skin diseases, as well as some promising research directions to study the dynamics of skin inflammation using this method.
In vivo confocal laser scanning microscopy imaging of inflammatory skin diseases
Plaque psoriaris. Plaque psoriasis is a common, chronic inflammatory skin disorder (38) , usually with a typical clinical presentation. Sometimes, to exclude other similar erythematous-squamous diseases and to confirm the clinical suspicion, a skin biopsy is needed, despite its invasiveness (39, 40) . In early stages of the disease, the histopathological result may be equivocal and often cannot be differentiated from spongiotic dermatitis.
Characteristic micromorphological features of plaque psoriasis lesions can be easily identified with in vivo RCM, showing a high correlation with histology sections (19, 20, 41) . In the majority of cases, the stratum corneum is thickened (hyperkeratosis) and associates small dark nuclei within its bright cells (parakeratosis). Sometimes, clusters of highly refractile round to polygonal cells can be seen between the corneocytes and correspond to the diagnostic Munro's collections of neutrophils (42) . Going deeper into the epidermis, a reduced or even absent granular layer (hypogranulosis) is observed, whereas stratum spinosum has an increased thickness (acanthosis). The horizontal RCM optical sections show an increase in the diameter (>100 µm) and density of dermal papillae (papillomatosis), as well as dilated blood vessels surrounded by moderately refractile inflammatory cells in the superficial dermis ( Fig. 1 ) (17) (18) (19) (20) . Moreover, in vivo RCM can be used for the objective assessment of the response to various treatments at microscopic level by performing serial determinations of the same skin area (28, 29, 32) .
Recently, our research group identified a method (43) for the objective assessment of psoriasis vulgaris lesions using in vivo RCM technique that is potentially applicable to clinical studies and monitoring the evolution of lesions under treatment.
Lichen planus. Lichen planus is an inflammatory mucocutaneous disease with still unclear etiopathogenesis. In vivo RCM has been used for the noninvasive evaluation of cutaneous lichen planus and enabled the identification of its distinctive features, with a good correlation with histological findings (Fig. 2) (21) . Confocal features of the epidermal layers include increased intercellular spaces (spongiosis), large, polygonal cells (hypergranulosis) disposed in a thickened wedge-shaped granular cell layer (corresponding to Wickham's striae) and the presence of grouped round-to-polygonal bright cells (inflammatory infiltrates).
Due to the extensive inflammatory cell infiltrate at the epidermal-dermal junction level, the replacement of the bright ring-like structures around dermal papillae with smeared refractile rings can be observed (vacuolar degeneration of the basal layer). Large bright, plump, oval to stellate cells (melanophages) and dilated blood vessels can be seen in the superficial dermis (21, 44) . In vivo RCM represents a useful tool for the noninvasive diagnosis of lichen planus, but further studies are necessary in order to distinguish between different subtypes of interface dermatitis (21) .
Discoid lupus erythematosus (DLE)
. DLE is an inflammatory condition that can be difficult to distinguish clinically from other erythematosquamous skin diseases. In vivo RCM evaluation of DLE lesions enables the identification of key diagnostic features seen in histopathological samples including epidermal atrophy, interface changes, as well as epidermal, dermal and periadnexial inflammatory cell infiltration (Fig. 3) (22) . The maximum depth of imaging limited to the upper dermis and the inability to distinguish lymphocytes from other inflammatory cells are disadvantages of RCM examination in DLE. However, combining dermoscopy with RCM has an important role in choosing the apropriate biopsy site for more histologic diagnostic criteria (22, 45) .
In vivo RCM proved to be useful also in the diagnosis of inflammatory dermatoses with special localizations like the scalp, including alopecia areata (23, 24) , lichen planopilaris and DLE secondary scarring alopecia (45) . RCM criteria for these inflammatory skin conditions strongly correlate with histologic features and are sensitive enough to differentiate between entities with similar clinical presentation (25) . Also, during follow-up of lesions, some micromorphological features helped in choosing the appropriate therapeutic option.
In vivo confocal laser scanning microscopy imaging for skin conditions associated with inflammation
Cutaneous wound healing. Cutaneous wound healing is a continuously expanding research area and various noninvasive imaging techniques have been evaluated for their applicability in monitoring healing of skin wounds (46) . Among these techniques, in vivo RCM was able to visualize the inflammatory, vascular and tissue remodeling features associated with cutaneous wound repair in real-time, at different time intervals (30) . A recent study performed by our research group on BALB/c mice showed that in vivo RCM is able to assess the extent of wound dehiscence, restoration of the normal honeycombed pattern of epidermis and of dermal fibro-elastic structures, as well as the aspect of dermal blood vessels and the presence of inflammatory cells (unpublished data) (Fig. 4) .
Moreover, it can provide an objective and noninvasive assessment of burn wounds gravity either alone, with the advantage of its near cellular resolution (47), or combined with optical coherence tomography for a better depth penetration (48) . Moreover, in vivo RCM can predict the healing course of burn wounds of indeterminate depth based on serial determinations of microcirculation, morphology and inflammatory cell traffic (49) . This noninvasive high-resolution technique was also able to assess the effects of changes in cutaneous microcirculation on tissue morphology during burn wound healing (31) .
Skin aging. Skin aging is subject of increased research in dermatology and cosmetology reflected in the continuously development of products and methods that could prevent or reverse this complex inevitable process. In vivo CLSM proved to be a reliable method for assessment of skin aging and revealed the presence of keratinocyte alterations, irregular pigmentation and increased compactness of collagen fibers that became more pronounced with aging (32) . This noninvasive method offers potential applications in choosing the appropriate antiaging method and testing cosmetic treatment efficacy.
UVR-induced alterations. UVR-induced alterations are responsible for extrinsic aging and play an important role in skin cancer development (33) . In vivo RCM was able to identify and monitor UVR produced skin alterations beginning with skin inflammation, followed by the appearance of microvesicles, apoptotic keratinocytes and activated melanocytes and finally, loss of the epidermal structure (34) . Specifically, ultraviolet A (UVA) radiation effects upon the skin were analyzed using this noninvasive technique, confirming that UVA-induced accelerated blood flow is a prerequisite for the development of immediate and delayed tanning (50) . Another study showed the negative effects of sun exposure upon epidermal architecture, dermal collagen and overall skin thickness (35) .
Moreover, a recent study demonstrated the utility of RCM for an objective quantitative definition of sensitive skin and showed that disarranged as well as reduced honeycomb pattern depth and the presence of spongiform edema were predominant confocal features for this type of skin (51).
In vivo confocal laser scanning microscopy imaging for investigation of skin inflammation components
Leukocyte migration. Leukocyte migration or relocation is a synchronized active process through which both innate and adaptive immune system work to resolve a distally located inflammation or injury (52) . Although intensively studied as important immune defenders, the complex voyage of leukocytes, especially neutrophils, alongside the blood vessel claims new imaging methods such as CLSM, or even a three-dimensional (3D) approach, in order to reveal their in-depth spatiotemporal scene in vessels and surrounding tissues. Thus, acknowledged to confocal fluorescent microscopy it becomes possible to envisage intravascular migration of neutrophils, extravasation as well as interstitial passage thorough peripheral vessels as a prompt response to physically damaged tissue, bacteria and virus invaders in order to reduce the injury and preserve the body homeostasis (53) .
Why is a 3D imaging approach so worthy in monitoring a fine cellular process like leukocyte transmigration cascade? Firstly, it catches cellular aspects which, although important, cannot be detected with other in vitro investigation methods. For instance, besides endothelial cells pericytes are also involved which are rarely included and examined by in vitro methods, although they express key adhesion molecules (e.g., VCAM-1), are an integrant part of the vessel wall and perform an active role in transmigration (54) . Secondly, a 3D approach would clasp in real-time the timing process; for example, in vitro detection of neutrophils passage was reported within 2 min while in vivo methods reported 15-45 min for neutrophil migration through endothelial cells (55) .
These aspects become very important when, for instance the effect of a stimulus or a therapeutic agent on leukocyte functions is tested, and also when investigator would directly track the whole picture of leukocyte behavior in a physiologically milieu including all junctions and intercellular interactions. The final step of leukocyte/neutrophil migration (extravasation) was evidenced and reported quite recently; thus, the uropod elongation as final step of extravasation was imaged by multiphoton intravital microscopy in cremaster muscle leukocytes of CD18-mCFP KI mice following neutrophil stimulation (CXCL2, fMLP and TNF) and Texas Red-dextran staining of blood vessels. Images reveal that during extravasation the CD18 + neutrophils marked with Alexa Fluor 488-anti-Gr1 antibody migrated from cremaster venules are about 4 times elongated compared with rolling and crawling leukocytes (56) . Thus, migration process imaging provides valuable data regarding accurate function and regulation of leukocyte recruitment to injury site with potential impact in therapeutic purposes (4) .
Capillary blood flow. Capillary blood flow within dermal vascularization is a parameter that can be easily monitored in real-time, in vivo with RCM imaging due to brightly reflecting of blood cells. Several factors are usually recorded, thus, the quantitative blood cell flow per minute is measured, taking into account the number of capillary loop and multiple fields of view digitally measured for a fixed time-point (e.g., every 30 sec). Further, the capillary loop diameter and the density of dermal capillaries per area are registered in the dermal papillae of the epidermal-dermal junction, where multiple fields of view are captured in real-time images (36) . In addition, in real-time investigation of skin blood flow changes induced by topical capsaicin using RCM was proposed as a research model to test neurovascular reactivity (5) .
An alternative to RCM is two-photon excitation microscopy that provides advantages for 3D and deep tissue imaging. A widespread application of this tool is to evaluate the blood flow via blood cell velocity and brightness, these measurements being very useful in setting different experimental models such as stroke, embryo development (57) or different skin cancers (basal cell carcinoma, squamous cell carcinoma) where morphological and functional assessments of skin layers are primarily made by combining techniques as laser Doppler flowmetry and RCM (58) .
Skin reactivity to topical stimuli. Skin reactivity to certain local stimuli could be an excellent model for revising various skin conditions through evaluation of the inflammatory process at the skin level (6, 37) . Neurogenic inflammation was experimentally locally induced by capsaicin and further CLSM in reflectance mode enabled the assessment of the cutaneous micro-vascularization (Fig. 5) . This could represent an important research model for studying the link between cutaneous diseases and the nervous system (6) .
As an innovative non-invasive method for in vivo imaging of skin structure, CLSM could be successfully applied in dermatological fields less studied until now in terms of imaging, such as experimental contact dermatitis. Such attempts have been made for almost one decade when in situ imaging of skin reactions produced by sodium lauryl sulphate and pelargonic acid as experimental irritants was reported; the group describes extended cell boundaries, keratinocyte swelling (pelargonic acid) and induction of parakeratosis within the stratum corneum (sodium lauryl sulphate) (59) .
CLSM was applied also in a recent investigation in helping the patch test interpretations, a test known as the gold standard for contact dermatitis validation, and thus to differentiate very precisely between allergic, irritant, and equivocal patch test reactions; in this study, in vivo CLSM assessment revealed that 40% from equivocal reactions displayed confocal patterns in line with the positive allergic reactions patterns (60).
Conclusions
In vivo CLSM is a novel imaging technique that provides the morphological and dynamic characterization of skin structures with a high, quasi-microscopic resolution. The non-invasive character of the examination and the possibility to evaluate the same skin area at different time-points make in vivo CLSM a useful tool in the diagnosis and monitoring of inflammatory skin diseases. Moreover, it is an excellent method to study in real-time the dynamic components of skin inflammation, response to treatment or specific stimuli with broad applications ranging from clinical to experimental, functional studies involving the skin. Studying the components of skin inflammation is also of great potential to unravel pathways in the pathogenesis of diseases associated with skin inflammation and might contribute to the development of new treatment strategies.
